SUMMARY The relationship between the first heart sound (Sl), mitral valve (MV) closure, and left atrial (LA) and left ventricular (LV) hemodynamics was investigated in dogs during right-heart bypass. Highspeed cineradiography (-350 frames/sec) of lightweight clips attached to the free edge of the anterior and posterior MV leaflets permitted study of MV motion with high time resolution. LA and LV pressures were recorded, along with simultaneous phono-and echocardiograms, on a multichannel strip-chart recorder.
DESPITE 150 years of experimental study, debate about the genesis of the first heart sound (S,) continues. ' The two conflicti-ng theories most frequently proposed are based on either a ventricular or a mitral valvular origin of the sound. Laennec attributed S, to ventricular systole, specifically vibrations developing in the heart muscle with contraction.2 Joseph Rouanet presented evidence for a valvular origin of S,, based on experiments with a model of the working heart and with membranes similar to valvular tissue.3 4 Dock, in studies beginning in the 1930s, using both intact heart models and strips of cardiac tissue, also argued for the valvular theory.5 6 He found that a filled contracting ventricle tied off at the atrioventricular ring produced no sound; strips of ventricular muscle pulled taut under water produced little sound, whereas strips of chordae and cardiac valves pulled taut could be made to produce loud sounds quite easily.
Luisada and co-workers7-9 found that the left atrialleft ventricular pressure crossover point which they assumed represented mitral valve closure -consistently preceded S. They concluded that sudden tension development in the closed left ventricular cham-ber caused by a rapid pressure increase at the onset of systole, rather than mitral valve closure per se, generates Si. MacCannon et al.'0 supported this view, reasoning from measurements of the mass of the mitral valve apparatus and its extent of motion that the mitral valve apparatus alone was physically incapable of producing enough energy to create S,. Parisi 27 Some of these early studies were limited by the incorrect assumption that left atrial-left ventricular diastolic pressure crossover was a marker of mitral valve closure. In more recent studies, the precision of radiographic techniques has been limited by slow film speeds with limited time resolution. Finally, although recent studies have depended largely upon echocardiography to track mitral valve motion, the precise relationship between echocardiographic mitral valve leaflet coaptation and actual mitral valve closure has never been validated. In fact, previous work from our laboratory showed that the anterior leaflet echocardiogram lags behind mitral valve free edge motion as defined by cineradiography of radiopaque clips. 28 The factors that determine the relationship of S, to hemodynamic events and to mitral valve motion are still controversial. The echocardiographic studies of Parisi" and of Craige and others'5-" conflict. There are also conflicting data regarding the influence of the PR interval on the timing and amplitude of S,. Sakamoto et al. 2' found no relationship between PR interval and the amplitude of S, in an'animal model. However, numerous clinical studies have shown a relationship between timing and amplitude of S1 and the PR interval in patients with complete atrioventricular block. '4 16,20,27,29 As early as 1930, Wolfert and Margolies'9 proposed that the position of the mitral leaflets at the onset'of left ventricular systole, which was related to the relative timing of atrial and ventricular systole, was important in modifying S,.
The present study was designed to determine the role of hemodynamics, the timing of atrial systole and ventricular systole, and mitral valve motion as observed by both echocardiography and high-speed cineradiography in altering the timing and amplitude of S5 in an experimental model in which all variables were measured simultaneously. Methods
Preparation
Fourteen dogs that weighed 25-30 kg were anesthetized with chloralose, 100 mg/kg, and urethane, 1 g/ kg. The femoral arteries and veins and the external jugular vein were cannulated. The chest was opened through a median sternotomy and bilateral thoracotomy and the heart was suspended in a pericardial cradle. The superior and inferior venae cavae were isolated and the azygos vein was tied. The dog was placed on total heart bypass by occluding the venae cavae, draining venous blood and returning it to the femoral arteries. Coronary sinus blood was drained by cannula to the oxygenator. The heart was fibrillated electrically, and the left atrium was opened and tantalum surgical clips (approximate combined weight 42 mg) were applied to the midportion of the free edge of the anterior and posterior leaflets of the mitral valve. The atrium was closed and the heart defibrillated. The sinus node was crushed and the heart paced' from the right atrium. Millar Mikro-tip catheters were placed in the left atrium through a pulmonary 'vein and into the left ventricle through the apex to record high-fidelity pressures and intracardiac heart sounds. Pressures from the micromanometer were zeroed and checked for accuracy by comparison with simultaneous pressures recorded from the fluid-filled catheter accompanying the Millar transducers. This procedure was repeated frequently during the study.
Right-heart bypass was instituted by cannulating the pulmonary artery and returning blood to the dog from the oxygenator through this cannula. The femoral cannulas were then used to control blood pressure. Aortic blood pressure was recorded through a catheter introduced into an internal mammary artery. A limb lead II ECG and ventricular and atrial point electrograms obtained from leads sutured to the right ventricle and atrium were recorded. Intracardiac phonocardiograms were obtained from the left atrial and left ventricular micromanometer-tipped catheter by 20-100 Hz filtering and were recorded simultaneously with the ECG and intracardiac pressures on an eight-channel Irex recorder at a paper speed of 200 mm/sec. The interval between the onset of electrical depolarization and the peak of the first high-frequency component of S, was measured (QS,). fig. 1 ). Events recorded on the cine trace were synchronized with those recorded on the multichannel recorder by creating a large-amplitude pacing artifact that was recorded on both systems at the beginning of each series of measurements. The events were timed from the cineradiogram by counting the number of frames between events and multiplying by the time per frame. The time per frame was determined precisely by counting the number of frames between sequential ventricular pac- mitral valve had reopened so that the leaflet clips were again separated at the onset of left ventricular systole. The leaflets then rapidly closed with the onset of left ventricular systole and a heart sound occurred simultaneously with this second coaptation. Cineradiographic frames of mitral valve clips showing this sequence are illustrated in figure 2. Figure 9 illustrates the amplitude of S, expressed as the ratio of S1 to S2 over the range of AS-VS intervals. S, was loudest at an AS-VS interval of 50 msec, when the mitral valve leaflets were widely separated just before the onset of left ventricular systole. At an AS-VS interval of 0 msec, atrial systole occurred coincident with left ventricular systole', the leaflets were not opened as widely and S, was less intense. At AS-VS intervals of 150 and 200 msec, when early atrial relaxation had caused the leaflets to drift partially closed by the onset of left ventricular systole. S, occurred earlier and was softer. At very long PR intervals, when the valve was reopened after early diastolic closure, S, was again louder.
Discussion
Controversy about the origin of S, has centered on the relative role of left atrial and left ventricular diastolic pressure crossover, coaptation of the mitral leaflets, and the so-called cardiohemic factors,3' i.e., the vibrations set up in the heart and great vessels at the onset of left ventricular systole. Studies of the relationship of mitral valve closure and hemodynamic events to the timing and amplitude of SI have been technically limited by the lack of precise direct markers of mitral valve closure and by controversy over validation of indirect markers. The present study eliminated some of these problems by using high-speed cineradiography and by validating the echocardiographic approach. The placement of lightweight tantalum surgical clips on the midportion of the anterior and posterior mitral valve leaflet free edges filmed at the speed of 350 frames/sec allowed imaging of leaflet motion at approximately 3-msec intervals. Simultaneous phonocardiogram and hemodynamic data were obtained by intracardiac micromanometer-tipped catheters, precluding significant recording delays. Echocardiograms were obtained simultaneously by a transducer placed directly on the epicardial surface of the heart, and the point of coaptation of anterior and posterior mitral valve leaflets was recorded.
Relationship of Timing of S1 to Hemodynamic, Echocardiographic, and Cineradiographic Events
We have shown that coaptation of the mitral valve leaflets as demonstrated echocardiographically coincides with coaptation depicted by cineradiography of clips placed on the midportion of the free edge of each leaflet. Validation of echocardiography as an accurate marker of mitral valve closure was important because a prior study from this laboratory showed a lag between cineradiographic tracking of mitral leaflet clips and echocardiographic anterior leaflet motion. 28 In that study, the end point of rapid posterior motion of the anterior mitral leaflet on the echocardiogram occurred 18 msec after the corresponding point of maximal posterior motion of the anterior leaflet clip on cine. The most likely explanation for the apparent lag between motion of the clip on the free edge of the anterior mitral valve leaflet by cineradiograph 'and anterior mitral leaflet motion by echocardiography relates to nonuniformity of mitral leaflet motion and failure of the ultrasound beam to intersect the mitral leaflet precisely at the midportion of the free edge where the clips were positioned. ' In the present study, SI was simultaneous with coaptation of the mitral leaflets whenever mitral valve closure followed the onset of left ventricular systole, despite alterations in hemodynamics and temperature ( figs. 3, 4) . Variation of the AS-VS interval altered the relationship betwen S1 and leaflet coaptation ( fig.  7) . At short AS-VS intervals of 0-50 msec, The relationship between the amplitude of Sl and the degree of separation of the mitral valve leaflets is similar to previous observations on the variation in amplitude of S, in patients with complete atrioventricular block or atrial fibrillation.'4 16 19 20 AS-VS interval of 150 msec, the mitral leaflets were closed or nearly closed at the onset of left ventricular systole. Under these circumstances, a markedly attenuated sound occurred only 10 msec from the onset of left ventricular systole when the left ventricular pressure was low so that little force would be applied to the closed system. As the AS-VS interval was further increased, atrial contraction and relaxation would be completed during diastole. However, the mitral valve begins to reopen before the onset of left ventricular systole as blood continues to flow passively from left atrium to left ventricle. As the degree of reopening increases, mitral valve leaflet separation is greater at the onset of left ventricular systole and the mitral valve again closes later and at a higher developed left ventricular pressure, resulting in more force related to deceleration of blood within the closed system. Thus, S, occurs progressively later and with increasing amplitude.
Finally, at an AS-VS interval of 0 msec, S5 was of lower amplitude than at an AS-VS interval of 50 msec. This phenomenon can be explained by the timing of the left atrial systole. At an AS-VS interval of 0 msec, atrial systole had begun at the same time as ventricular systole. Indeed, the high left atrial pressure generated ( fig. 6 ) was consistent with the left atrium contracting against rising left ventricular pressure. This would prevent maximal opening of the mitral valve leaflets and under these circumstances, the distance which the mitral valve leaflets travel during closure is less than at an AS-VS interval of 50 msec. Diminished leaflet excursion and a persistent left atrial-left ventricular pressure gradient would have the effect of lowering the amplitude of S5. In this case, the first heart sound did not occur earlier, as it did at AS-VS intervals of 100 and 150 msec when the leaflets were relatively close together. Zaky et al. 26 showed that when the left atrium contracts against high left ventricular pressure, causing a marked rise in left atrial pressure with persistence of a positive left atrial-left ventricular pressure gradient, mitral valve closure is delayed. 26 Although secondary reopening of the mitral valve leaflets at very long AS-VS intervals was demonstrated cineradiographically, this phenomenon could not be demonstrated by echocardiography in our study. However, Burggraf and Craigett demonstrated mitral valve reopening by echocardiography at very long PR intervals. Because different parts of the mitral valve leaflets may open to a greater or lesser extent, we probably failed to detect mitral valve reopening because of the single-beam view of the mitral valve leaflets we obtained.
In conclusion, the intensity and timing of SI seem to be related to the amount of separation of the mitral valve leaflets at the onset of left ventricular systole, as well as the relative timing of atrial and ventricular systole. In this experimental preparation, as well as in most clinical studies, left ventricular systole is a prerequisite for S, because closure resulting from atrial events alone does not produce recordable sound. This suggests that the walls of the left ventricle must be in the active process of generating a pressure before sound vibrations of the amplitude and frequency of SI can be produced, either by the walls themselves or by vibrations of their hemic contents.
